Precipitation of cholesterol in gallbladder bile is believed to produce platelike cholesterol monohydrate crystals directly. We report complementary time-lapse microscopic studies of cholesterol crystallization from model bile that reveal initial assembly offilamentous cholesterol crystals covered by a monomolecular layer of lecithin. Over a few days, the filaments evolved through needle, helical, and tubular microstructures to form classical platelike cholesterol monohydrate crystals. Similar crystallization phenomena were observed in human gallbladder biles from cholesterol but not pigment stone patients. Synchrotron x-ray diffraction of the earliest filaments suggested a cholesterol monohydrate polymorph or admixture with an anhydrous cholesterol precursor. However, density gradient centrifugation of filamentous crystals revealed that their density was 1.032 g / ml, consistent with anhydrous cholesterol. Conventional x-ray diffraction of transitional crystalline forms was consistent with pure cholesterol monohydrate crystals, as were the equilibrium platelike crystals. These novel findings suggest that crystalline cholesterol in bile may not be completely mature or hydrated initially, but undergoes a series of transformations to become thermodynamically stable monohydrate plates. These observations have important implications for understanding the control of cholesterol crystallization in bile, as well as explaining putative crystal cytotoxicity during gallstone formation. (J. Clin. Invest. 1992. 90:1155-1160
Introduction
Cholesterol is eliminated from blood and other tissues via lipoprotein endocytosis, hepatic catabolism to bile salts, and secretion with lecithins and bile salts into bile ( 1, 2) . Although virtually insoluble in water (-10' M) (3), 5 -50 mM cholesterol is solubilized in human gallbladder bile within thermodynamically stable bile salt/lecithin micelles, and frequently metastable unilamellar lecithin vesicles (2, 4) . Nucleated bile is typified by platelike cholesterol monohydrate crystals (5) that agglomerate via mucin glycoproteins to form cholesterol gallstones (6) found in at least 10% of Western humans (7) . Cholesterol crystallization is believed to follow aggregation (8) and possibly fusion (9) of cholesterol-rich vesicles, but the crystallization process is poorly understood. In this study we present polarizing, phase-contrast, video-enhanced, fluorescence and electron microscopy, as well as x-ray diffraction and density data of early cholesterol crystallization phenomena in bile. Our studies reveal novel cholesterol crystalline habits, x-ray diffraction patterns, and crystal densities that challenge currently held beliefs that cholesterol crystallizes in bile directly as thermodynamically stable platelike monohydrate crystals.
Methods

Chemicals Sodium salts of taurocholate (TC)' and taurodeoxycholate (TDC)
were obtained from Sigma Chemical Co. (St. Louis, MO). TC was recrystallized (10) , and both TC and TDC were found to be > 98% pure by HPLC and TLC. Cholesterol (Nu Chek Prep Inc., Elysian, MN) and grade I egg yolk lecithin (EYL) (Lipid Products, South Nutfield, Surrey, U.K.) were found to be > 99% pure by TLC, GC, and HPLC. N-(lissamine rhodamine B sulfonyl)-phosphatidylethanolamine (R-PE) was 
Model biles
Cholesterol, EYL, and TC were coprecipitated from chloroform-methanol (2:1 vol/vol) and dried under N2 and reduced pressure. The dried lipid film was dissolved in aqueous solution (0.15 M NaCl, pH 6-7), containing 3 mM NaN3 as an antimicrobial agent. Total lipid concentration was designed so that relative lipid composition plotted within the micellar phase limits of an appropriate phase diagram (12) . To obviate possible persistence ofundissolved microcrystalline cholesterol and to ensure complete micellization, the system was incubated for 1 h at 60°C. To induce supersaturation, the stock solution was diluted with 0.15 M NaCl so that the relative lipid composition plotted above the contracted micellar phase limit ( 12) . This dilution time-point was taken as the initiation of the nucleation process.
Human biles
Fresh gallbladder biles (generous gifts of Dr. M. Cahalane, Beth Israel Hospital, Boston, MA) were obtained from patients undergoing cholecystectomy after written informed consent and approval by the institutional human subjects committee. Samples were cultured to exclude infection, lipid analysis was performed (described below), and the cholesterol saturation index (CSI) was calculated ( 12) . Gallstones were washed with distilled water and their cholesterol content (wt/wt) was measured by GC (Shimadzu GC-9A, Kyoto, Japan) using stigmasterol as internal standard ( 13) . Stones with a cholesterol content of < 20% or > 80% were classified as pigment or cholesterol stones, respectively. After stone removal, unprocessed biles were followed by sequential microscopic examinations. Throughout all experiments, biles (model and native) were kept at 37°C in sealed glass tubes, under argon.
Analytical procedures
Light microscopy. Bile samples (10 Il) were placed on a glass slide at room temperature and observed initially without a cover slip using a polarizing microscope (Photomicroscope III; Carl Zeiss, Inc., Thornwood, NY.) Then the sample was compressed with a cover glass and reexamined using phase contrast optics or a Zeiss Axiovert 35 M microscope equipped with Nomarski differential interference contrast optics. For video-enhanced time-lapse microscopy, 200-t,l samples were incubated in a sealed drop-slide (Fisher Scientific Co.) on a heating stage (HS-1; Instec, Boulder, CO) at controlled (Apple IIe computer) temperature (37.0±0. 1°C) attached to a microscope (Optiphot-Pol; Nikon Inc., Instr. Group, Melville, NY) and sequentially photographed with a change-coupled device video camera (wv-GL 110; Panasonic Industrial Co., Secaucus, NJ). Images were digitized from a video casette recording (AG-1960; Panasonic) by a frame grabber (Image Grabber; Neotech, Eastleigh, Hampshire, UK) and analyzed on a Macintosh Ilci computer using Ultimage software (Graftek, Meudon-La-Foret, France).
Fluorescence microscopy. To enable morphologic localization of phospholipids during the crystallization process, model biles were prepared as described above, with traces of R-PE substituted for 0.5-5 mol% of lecithin, as fluorescent probe. Samples were observed with a Zeiss Standard 16 fluorescence microscope equipped with phase contrast optics.
Electron microscopy. Samples for electron microscopy were obtained by aspirating agglomerated crystals via a wide bore needle, or after sedimentation of crystals by centrifugation. Scanning electron microscopy (JSM-35CF; JEOL, Peabody, MA) was performed after air drying and gold coating, and negative stain transmission electron microscopy (Philips 300; Philips Electronic Instr. Co., Mahwah, NJ) was performed after staining with 1.5% phosphotungstic acid and drying in air. Quasielastic light scattering spectroscopy (QLS). Measurements were performed at a constant scattering angle (900) and controlled temperature (37°C) on a home-built apparatus ( 14) , equipped with a digital autocorrelator (BI2030AT; Brookhaven Instruments Corp., Holtsville, NY). Mean hydrodynamic radii (Rh) of particles in solution were derived from experimentally determined mean diffusion coefficients, and where appropriate, multicomponent analysis was used to confirm the presence oftwo or more discrete particle populations ( 14) .
Gel permeation chromatography. To quantify micellar and vesicular fractions that solubilize cholesterol, bile samples were chromatographed on a high performance Superose six-gel filtration column as described previously ( 15) X-ray diffraction. Bile samples were concentrated by centrifugation and sealed in 1-mm quartz capillary tubes. Conventional x-ray diffraction was performed using a Ni-filtered CuKa beam from rotating anode generator (Gx-6; Elliot Automation, Borehamwood, UK) (11) . Synchrotron x-ray diffraction was performed at Brookhaven National Laboratories (Upton, NY, beam line X-20C) using a wavelength of 1.36 A selected by a silicon crystal monochromator. Samples were continuously rotated through the long axis ofthe capillary tubes, perpendicular to the beam. For conventional and synchrotron x-radiations, exposure times were 18-72 h and 5 min-3 h, respectively, and the diffraction patterns were recorded with position sensitive linear detectors.
Differential scanning calorimetry (DSC). High resolution DSC was
performed on a calorimeter (MC-2; MicroCal Inc., Amherst, MA) connected to a personal computer that allowed automated control, data acquisition, and analysis. Samples were washed and diluted with degassed water and introduced at room temperature into the calorimeter cell ( 1.5 ml), and run against a similar volume of water in a reference cell. Measurements were recorded over a temperature range of 10°C-100°C at a heating rate of 90°C/h. Density gradient centrifugation. Crystals in nucleated bile samples were concentrated by centrifugation and layered on top of a linear (2-20%) sucrose gradient in 13.2-ml nitrocellulose tubes, and centrifuged in a rotor (SW41; Beckman Instruments, Inc., Fullerton, CA) at 201,000 g at 20°C for 8 h ( 17). Fractions were collected from top to bottom with an L-shaped pasteur pipette and examined by phase contrast and polarizing light microscopy as described above. Sucrose densities were verified using a temperature compensated refractometer. Lipid analysis. TC was quantified by the 3a-hydroxysteroid dehydrogenase method (18) , lecithin by an inorganic phosphorus procedure ( 19) , and cholesterol enzymatically (20) .
Results
The principal model bile used in our study was composed of TC, EYL, and cholesterol in a molar ratio of 97.5:0.8:1.7. When dissolved to a concentration of 7 g/dl, this mixture formed a micellar solution with Rh = 17±5 A (mean±SD, n = 4) by QLS. Sixfold dilution ofthe micellar solution increased the CSI from 90 to 208%, and produced unilamellar vesicles (Rh = 212±25 A) with a molar cholesterol/lecithin ratio 2. The mixture was designed to have this vesicular lipid ratio (4, 12) , and its composition was experimentally verified by gel permeation chromatography and analysis. By QLS, polydispersity increased monotonically over the first several hours of observation, and multicomponent analysis revealed at least two large (Rh> 200 A') particle populations that coexisted with > 99% micelles (wt/wt), as derived by gel permeation chromatography. After -10 h into the nucleation sequence, reproduc- Within 2-4 h of dilution, thin filamentous structures were observed by microscopy ( Fig. 1) . Individual filaments extended in length to several hundred micrometers (Fig. 1, A and  B) , and the width of the thinnest filaments was 0.1 ,um by scanning and transmission electron microscopy. Occasionally, filaments clumped together in "wheat-sheaf" bundles ( Fig. 1,  C and D) , and within 12-24 h, they had agglomerated into a buoyant wool-like macroscopic meshwork.
During 2-7 d, filaments were replaced by or coexisted with thicker needlelike and helical structures (Fig. 2) and platelike crystals. By time-lapse video-enhanced microscopy, filaments coiled into right-handed spirals and helices, which by lateral growth gradually formed crystalline tubelike structures (Fig. 2,  A-D) . Eventually, the tubes fractured at their ends to produce platelike monohydrate crystals of typical habit (Fig. 2, E and  F) . Occasionally, filaments grew laterally to become flat ribbons that broke directly into plates (Fig. 1 D) . As expected (4, 12) , when crystals were separated centrifugally from the mother liquor at thermodynamic equilibrium ( 10-14 d) , QLS analysis disclosed micelles ( Rh = 17±3 A), but no vesicles. Fig.  3 schematically depicts that the crystallization sequence could be divided into three stages, based on the principal crystalline habits present at each time period.
To obviate possible artifacts caused by undissolved microcrystals, incomplete hydration, or preparation path, the crystallization sequence was examined after preincubation (20°C, 37°C, 600C, Fig. 1 A and Fig. 4 ). After addition ofa few gl of 50 mM TDC, fluorescence was lost during 60 min without dissolution of the filaments (Fig. 4) . from four pigment gallstone patients (CSI = 88-237%) also disclosed cholesterol filaments within 1- (29) (30) (31) (32) (33) (34) (35) (36) . The needlelike habit is highly suggestive of anhydrous crystallization ( 11) , which might be the case because in cholesterol-rich vesicles, the 3-3 hydroxyl group of cholesterol and the sn-2 carbonyl of lecithin can be hydrogen bonded (37, 38) . If initial crystallization is anhydrous, subsequent helical growth might be caused by asymmetric molecular strain during hydration as water molecules become incorporated into the crystals. It is also noteworthy that some typical platelike cholesterol crystals also appeared in the model system without going through any of the morphologic transitions described here. This is consistent with spectroscopic data (38) , which suggest that as vesicles are depleted in cholesterol, the cholesterol molecules remaining within the lecithin bilayers may become hydrated. Although alluded to previously (39) , these novel crystal habits ofcholesterol in bile have never been systematically evaluated as part of a cholesterol crystallization sequence (8, 40) , nor have they been observed in other native systems, such as the developing atheromatous plaque (41) . Even though the principal model system studied here is unphysiological in humans, the presence of filamentous cholesterol crystallization in both model biles of physiological composition and in native human gallbladder biles suggests that this phenomenon is physiologically relevant. Moreover, biliary lipid compositions similar to our model system have been reported in animals (42) , and needlelike cholesterol crystals have been observed during cholesterol gallstone formation in the guinea pig (43) . None 
